We aimed to evaluate whether hepatitis B virus (HBV) mutations at the core promoter region could improve the prediction and specific prophylaxis of hepatocellular carcinoma (HCC) in chronic HBV-infected patients. A total of 2,114 HBV-infected patients enrolled between August 1998 and December 2007 were followed-up for 18,406 person-years. Of those, 612 received !48 week treatments with nucleos(t)ide analogue (NA) and/or IFNa.
Introduction
Primary liver cancer is the second leading cause of cancerrelated death in men and the fifth causes of cancer-related death in women and hepatocellular carcinoma (HCC) accounts for 70% to 85% of the total liver cancer burden worldwide (1) . Chronic infection with hepatitis B virus (HBV) contributes to more than half of global HCC cases. The lifetime (30-75 years) incidences of HCC for men and women positive for hepatitis B surface antigen (HBsAg) were 27.38% and 7.99%, respectively, in Taiwan (2), an area endemic for HBV genotypes B and C. Therefore, it is estimated that approximately 20 million HCC cases caused by chronic HBV infection will be diagnosed in next 50 years in Mainland China, an area with one third of global HBV-infected subjects. HCC is a highly fatal malignancy, with a 5-year survival rate of 9.01% for patients without surgical treatment and 32.64% for those who received surgery in Shanghai, China (3) . Much hope for controlling HCC is placed with active prophylaxis before its occurrence. Fortunately, the occurrence and recurrence of HBV-related HCC can be reduced via active prophylaxis using anti-HBV treatments with nucleos(t)ide analogue (NA) and/or IFNa (4) (5) (6) (7) (8) (9) (10) . It is, therefore, important to identify the HBV-infected patients who are more likely to develop HCC, allowing timely intervention in those who will benefit most.
Epidemiologic cohort studies have demonstrated that male gender, increasing age, cirrhosis, high viral load (!10 4 copies/ml), hepatitis B e antigen (HBeAg) expression, HBV genotype C2 (vs. genotype B2), low albumin, and elevated alanine aminotransferase (ALT) increase the risk of HCC in chronic HBV-infected patients (11) (12) (13) (14) (15) . Some of these risk factors have been used to construct clinical scoring systems for the prediction of HCC (12) (13) (14) (15) . However, HBeAg sero-status and the levels of HBV DNA and ALT are usually changeable during the long-term HBV infection, and differ among the patients infected with different HBV genotypes, which might result in low discriminatory performance in different populations (16) (17) (18) (19) (20) (21) . Therefore, more robust biomarkers are needed to improve the prediction power of the current clinical scoring systems.
HBV demonstrates "mutation-selection-adaptation," a viral evolutionary process involved in hepatocarcinogenesis. During this process, HBV accumulates HCC-risk mutations, predominantly in the core promoter region of HBV genome (22) (23) (24) (25) (26) . Of these mutations, A1762T/G1764A has been prospectively shown to be an independent risk factor of HCC (15, 26) . A1762T/ G1764A and A1762T/G1764A-based combo mutants are potentially selected by the immunocompromised microenvironment predisposed by genetic polymorphisms of key immune and proinflammatory molecules, and in turn promote an aggressive phenotype of HCC, as well as the recurrence of HCC after curative surgery (27) (28) (29) (30) . The objective of this study was to clarify whether the baseline HBV mutations can predict the outcome of HBVinfected patients and whether HCC risk contributed by the HBV mutations can be selectively reduced by antiviral treatment. This study should lay foundation for effective prediction and specific prophylaxis of HCC in HBV-infected patients.
Materials and Methods

Cohort enrollment
This mixed cohort study was initiated in January 2008 and approved by the institutional review board of Second Military Medical University. From August 1998 to December 2007, 3,304 consecutive chronic HBV-infected patients admitted to the Department of Infectious Diseases, the 2nd Affiliated Hospital of this university were invited to participate in this study. Patients were included in the study if (i) they were newly diagnosed as chronic hepatitis B; (ii) they provided sufficient cryopreserved sera from peripheral blood harvested within 2 weeks before antiviral treatment or during their initial visit; and (iii) they provided written informed consents. Patients were excluded from the study if (i) they had decompensated liver cirrhosis or HCC; (ii) they were coinfected with hepatitis A virus, hepatitis C virus, hepatitis D virus, hepatitis E virus, human immunodeficiency virus, and/or Treponema pallidum; (iii) they had autoimmune liver diseases; and (iv) they received antiviral treatment before enrollment. Chronic hepatitis B, liver cirrhosis, and HCC were diagnosed as previously described (25) . Cirrhotic patients manifested with ascites, jaundice, variceal bleeding, or hepatic encephalopathy were diagnosed as decompensated cirrhosis. A total of 2,512 eligible patients were initially enrolled.
Collection of baseline demographic and clinical data
A structured questionnaire was designed to extract baseline data of study participants from their medical records. Data collected include sociodemographics, smoking, alcohol consumption, medical history, and biochemical parameters from blood tests such as liver function, antibodies, and platelet count within 2 weeks before antiviral treatment or at their first admission. Microbiologic and biochemical parameters were tested as previously described (25) .
HBV genotyping and mutation assay
HBV DNA was extracted from frozen sera, quantified twice using quantitative PCR, and genotyped as previously described (20) . The core promoter region from nt.1626 to nt.2004 of HBV genome was amplified using nested PCR and directly sequenced or sequenced after cloning (25, 31) . The sequences were aligned and analyzed using MEGA5.0 and Bioedit 7.0 software packages and deposited in GenBank with accession numbers KF164837-KF166793. A total of 18 "hotspots" with a mutation frequency of >10% in this region as previously detailed (25) were evaluated.
Antiviral treatment
Antiviral treatment was administered according to disease indications as well as patients' willingness, compliance, and cost. Generally, patients were suggested to receive antiviral treatment if they had high serum ALT (!twice the upper limit of normal) and elevated HBV DNA titer (!10 5 copies/mL for HBeAg-positive or !10 4 copies/mL for HBeAg-negative patients), or cirrhosis with detectable HBV DNA (32) . For oral NA treatment, lamivudine (LAM, 100 mg), adefovir dipivoxil (ADV, 10 mg), entecavir (ETV, 0.5 mg), or telbivudine (LdT, 600 mg) was given daily for !48 weeks. Adding-on or switch-to ADV was adopted as a rescue therapy for patients with viral breakthrough and/or drug-resistant mutations under LAM, LdT or ETV treatment, and vice versa. For cirrhosis-free patients who were resistant to LAM, recombinant IFN-a1b was given if their liver function permitted. Intramuscular injection of recombinant IFN-a1b (5 MU every other day) and s.c. administration of pegylated IFNa (Peg-IFN-a2a, 180 mg/week; Peg-IFN-a2b, 1.5 mg/kg body weight/week) were adopted. A 48-week IFN treatment course was essential for most patients. For those who had partial virologic responses at week 24 of treatment, IFNa course was prolonged to 72 weeks. Patients who did not respond to antiviral treatment mostly failed to complete antiviral treatment for !48 weeks and were excluded from the final analysis.
Follow-up
Participants received regular follow-up examinations at our outpatient clinics or at their local tertiary hospitals. We collected information, including real-life regimens of antiviral treatment, liver function test results, and medical imaging findings, by checking their medical records. Information regarding HCC occurrence and death before January 2008 was obtained through Shanghai Cancer Registry and Death Certification System. Information regarding HCC occurrence and death after January 2008 was obtained by conducting regular telephone interviews, and/or household visits. The follow-up was finished on May 31, 2013. Causes of death were determined according to the primary diagnosis of hospitalization within 3 months before death. The primary outcome was HCC occurrence. Death from HCC, decompensated cirrhosis, and/or liver failure was termed as liver death. All participants were self-reported Han Chinese.
Statistical analysis
Categorical variables were compared using the c 2 test. Patients who survived or died of other causes were censored at their last follow-up visit. The Kaplan-Meier method was applied to estimate the cumulative incidences of HCC and liver death, and the log-rank test was performed to compare the survival curves. The HR and 95% confidence interval (CI) were calculated using the Cox proportional hazard model. The significant factors in the univariate Cox analysis were introduced into the multivariate Cox model to determine the factors independently contributing to HCC occurrence and liver death. To evaluate the prophylactic effect of antiviral treatments on HCC and liver death, the propensity score (PS) matching method was used to balance baseline variables between antiviral and control cohorts. A PS was estimated for all patients with antiviral treatments using multiple logistic regression analysis. Variables used in the model were age, gender, cirrhosis, HBV genotype, HBeAg, HBV DNA, ALT, aspartate aminotransferase (AST), total bilirubin, direct bilirubin, albumin, and platelet count. We performed the nearest available matching on the PS, as described by Hosaka and colleagues (6) . Demographic (gender, age, and cirrhosis) and all factors (gender, age, cirrhosis, C1653T, T1753V, and A1762T/G1764A) that independently increased HCC risk were introduced into the multivariate Cox model to recalculate regression coefficient (b) of each variable, respectively. Projected HCC risk based on demographic and all independent risk factors were calculated using the equations: demographic ¼ P b i Â X i (X i : gender, age, and cirrhosis), and all independent risk factors ¼ P b j Â X j (X j : gender, age, cirrhosis, C1653T, T1753V, and A1762T/G1764A). Discrimination was analyzed using receiver operating characteristic (ROC). Area under ROC curve (AUC) was applied to evaluate whether the HBV mutations could improve the prediction power of the demographic factors. All analyses were two-sided and conducted using SPSS version 18.0 for Windows (SPSS), R (http://www.rproject.org/), and medcalc (http://www.medcalc.org/). Significance was set as P < 0.05.
Results
Patient characteristics
Of 2,512 eligible patients, 398 were excluded ( Supplementary  Fig. S1 ). There were no statistical differences in age, gender, cirrhosis, and major liver function parameters between the enrolled and excluded patients (data not shown). The remaining The PS matching with key baseline characteristics was applied to allow a common background for comparison between antiviral and control cohorts, resulting in a matched sample size with 521 patients in each cohort. In the antiviral cohort, 109 were treated with IFNa alone, 347 treated with NAs alone, and 65 treated with IFNa plus NAs. Antiviral treatment significantly reduced HCC incidence and liver death in the matched cohorts.
Factors affecting HCC occurrence and liver death
Univariate Cox analyses, including the baseline characteristics of 2,114 patients, showed that male gender, increasing age, cirrhosis, HBV genotype C2, high direct bilirubin (>7 mmol/L), low albumin (<35 g/L), high AFP (>20 ng/mL), low platelet count (<100 Â 10 9 /L), and HBV mutations (C1653T, T1674CG, T1753V, and A1762T/G1764A) were significant risk factors for HCC development; whereas antiviral treatment was a protective factor of HCC. HBeAg and viral load were not statistically associated with HCC, even in 1,502 control patients without antiviral treatment (data not shown). Multivariate Cox analysis indicated that male, age (!40 years), cirrhosis, C1653T, T1753V, and A1762T/G1764A independently increased the risk of HCC (Table 2) .
Univariate Cox analysis using the baseline characteristics of 2,114 patients indicated that male, age (!40 years), HBV DNA (!10 6 copies/mL), AST (>37 U/L), total bilirubin (>20 mmol/L), direct bilirubin (>7 mmol/L), albumin (<35 g/L), AFP (>20 ng/ mL), platelet count (<100 Â 10 9 /L), and the presence of cirrhosis, Figure 1 . Impact of baseline C1653T, T1753V, and A1762T/G1764A mutations on HCC occurrence and liver death in control patients. A, HCC occurrence in patients with mutation data; B, liver death in patients with mutation data; C, HCC occurrence in genotype B2 HBV-infected patients; D, liver death in genotype B2 HBV-infected patients. E, HCC occurrence in genotype C2 HBV-infected patients; F, liver death in genotype C2 HBV-infected patients; P values, log-rank test.
C1653T, T1674CG, T1753V, and A1762T/G1764A were significant risk factors, whereas antiviral treatment was a protective factor for liver death. Multivariate Cox analysis showed that male, age (!40 years), albumin (<35 g/L), and platelet count (<100 Â 10 9 /L) were independently risk factors, whereas antiviral treatment was an independent protective factor for liver death (Supplementary Table S1 ).
Baseline combo HBV mutations cumulatively increased the occurrences of HCC and liver death and significantly improved HCC prediction by demographic factors in control cohort
Patients with A1762T/G1764A had significantly higher cumulative risks of HCC and liver death compared with patients without A1762T/G1764A. Furthermore, in patients with A1762T/G1764A, addition of C1653T and/or T1753V significantly increased the risks of HCC (HR, 1.57; 95% CI, 1.03-2.41; P ¼ 0.038) and liver death (HR, 1.56; 95% CI, 1.02-2.40; P ¼ 0.040). In genotype C2 HBV-infected patients with A1762T/G1764A, addition of C1653T and/or T1753V significantly increased HCC risk (HR, 1.77, 95% CI, 1.09-2.87; P ¼ 0.021). However, this effect was not found in genotype B2 HBV-infected patients, possibly because of small sample size of patients with the two or more viral mutations (Fig. 1) .
We plotted ROC curves for the development of HCC in 919 antiviral-na€ ve patients (HCC, n ¼ 102) with baseline HBV mutation data. Combo HBV mutations (C1653T, T1753V, and A1762T/G1764A) significantly improved the validity of HCC prediction by age, gender, and cirrhosis (AUC: 0.727 vs. 0.676, P ¼ 0.002). Further stratification analyses indicated that the combo HBV mutations significant improved the validity of HCC prediction in genotype C2 HBV-infected patients (HCC incidence, 83/677), not in genotype B2 HBV-infected patients (HCC incidence, 18/232; Fig. 2 ).
Prophylactic effects of antiviral treatment in those with or without baseline cirrhosis in the PS-matched cohorts
We first evaluated the prophylactic effects of antiviral treatment in 236 patients with cirrhosis. Compared with the matched controls, antiviral treatment did not affect HCC occurrence but significantly reduced death (HR, 0.49; 95% CI, 0.29-0.81; P ¼ 0.005). The survival benefit was observed in those treated with NAs alone (n ¼ 98), but not in those treated with IFNa (n ¼ 12) or with IFNa plus NAs (n ¼ 8). NA treatment for 12 to 59 months (n ¼ 66) did not significantly reduce HCC occurrence and liver death; whereas NA treatment for !60 months (n ¼ 32) had significant prophylactic effects on HCC occurrence and liver death. In 806 patients without cirrhosis, antiviral treatment significantly reduced HCC occurrence (HR, 0.47; 96% CI, 0.26-0.85; P ¼ 0.012) and liver death (HR, 0.50; 95% CI, 0.32-0.77; P ¼ 0.002); interestingly, these benefits were observed in patients treated with IFNa alone (n ¼ 97) or IFNa plus NAs (n ¼ 57), but not in those treated with NAs alone (n ¼ 249); NA treatment for !60 months (n ¼ 77) did not affect HCC occurrence but significantly reduced liver death (Fig. 3) .
Impact of the HBV mutations on HCC occurrence and liver death were selectively repressed by antiviral treatment in the PS-matched cohorts
We compared the effects of antiviral treatment on HCC occurrence and liver death of patients with one or more mutations (C1653T, T1753V, and A1762T/G1764A) and patients without any of them. Antiviral treatment significantly reduced HCC occurrence in those with the HBV mutation(s), but did not reduce HCC risk in those without (Supplementary Fig. S2 ). In patients with A1762T/G1764A, antiviral treatment significantly reduced The effects of antiviral treatment on HCC occurrence and liver death in patients with or without liver cirrhosis in the PS-matched cohorts. A, NA treatment on HCC occurrence in cirrhotic patients; B, NA treatment on liver death in cirrhotic patients; C, antiviral treatment on HCC occurrence in noncirrhotic patients; D, antiviral treatment on liver death in noncirrhotic patients; E, NA treatment on HCC occurrence in noncirrhotic patients; and F, NA treatment on liver death in noncirrhotic patients. P values, log-rank test.
HCC occurrence, whereas in patients without A1762T/G1764A, antiviral treatment did not reduce HCC occurrence; similar results were obtained in patients with or without C1653T; interestingly, in patients with T1753V, antiviral treatment did not reduce HCC occurrence, whereas in those without T1753V, antiviral treatment significantly reduced HCC occurrence (Fig. 4) . Antiviral treatment significantly reduced liver death in patients with and without A1762T/G1764A or C1653T mutations. However, antiviral treatment did not affect liver death in patients with T1753V, but reduced liver death in those without T1753V ( Supplementary  Fig. S3 ).
Factors affecting the prophylactic effect of antiviral treatments
We then assessed baseline factors affecting the prophylactic effect of antiviral treatments in 612 patients with antiviral treatment. Multivariate Cox analyses showed that age (!60 years), male, and the presence of cirrhosis and T1753V independently predicted HCC development (Supplementary Table S2 ); whereas age (!60 years), male, and T1753V independently predicted liver death (Supplementary Table S3 ).
Discussion
In this study, male, age, cirrhosis, C1653T, T1753V, and A1762T/G1764A were found to be independent risk factors of HCC in HBV-infected patients. High viral load, a well-established risk factor of HCC (11) (12) (13) (14) , did not significantly increase HCC risk in this study. The same was true for HBeAg, another risk factor of HCC (33) . These inconsistencies were also reported in the constituents of the HCC scoring systems developed from hospitalbased and community-based studies in East Asia (12) (13) (14) (15) , possibly because these covariates were collected at different time points during chronic HBV infection. In the natural history of chronic HBV infection, viral load can be high (10 6 -10 10 copies/ mL) at HBeAg-positive stage, and then decreases dramatically (10 4 -10 8 copies/mL) or fluctuates after HBeAg seroconversion (16) . To determine the contribution of HBV replication to HCC risk in HBV-infected subjects, it may be better to determine the baseline HBV DNA level after HBeAg seroconversion. Furthermore, age, male, HBeAg, HBV genotype C, abnormal ALT, and high viral load can also predict the development of cirrhosis (14), a benign disease vastly different from HCC, indicating that the current scoring systems based on these demographic and clinical variables is not specific for HCC. During chronic HBV infection, the HCC-risk HBV mutations, including A1762T/G1764A, C1653T, and T1753V, accumulate consecutively before HCC occurrence. A1762T/G1764A is an earlier generated HCC-risk mutation, whereas C1653T and T1753V are later generated ones (25, 31, 34) . Furthermore, HBV combo mutations have higher specificities than single ones in indicating HCC (24, 25) . These HBV mutations accumulated during this evolutionary process should be more robust and more specific than those changeable clinical markers in predicting HCC occurrence. The HBV combo mutations significantly improved HCC prediction using the three significant demographic factors (Fig. 2) . Thus, the HBV combo mutations should be incorporated into the current risk prediction models to improve the prediction of HCC in HBV-infected patients.
HBV X protein (HBx) contributes centrally to HCC development at least partially via upregulating HBx-induced cyclin D1 (35) . HBV 1753/1762/1764 mutations at the C-terminus of HBx are associated with active viral replication in human hepatoma cell lines (36) . It had been shown that A1762T/ G1764A-based HBV combo mutants, rather than those with A1762T/G1764A alone, accelerate p21 degradation and stimulate expression of S-phase kinase-associated protein 2 in hepatocytes or HCC cells (29) . These data may help in explaining why A1762T/G1764A-based combo mutation was more effective than A1762T/G1764A alone in predicting HCC and liver death.
Following the identification of high-risk HBV-infected patients, it becomes indispensible to develop an effective prophylactic option on HCC or liver death in patients with these viral mutations. We found, for the first time, that antiviral treatment significantly reduced HCC development in HBVinfected patients carrying A1762T/G1764A or C1653T mutation. These data indicate that HBV with A1762T/G1764A and/ or C1653T mutations has a more potent carcinogenic potential than its wild-type counterparts and also responds efficiently to standard antiviral treatment. Interestingly, the risk of HCC contributed by HBV T1753V mutation cannot be significantly reduced by standard antiviral treatment. The reason remains unknown. We hypothesize that T1753V mutation introduces a novel drug-resistant capacity of HBV or some idiopathetic drugresistant mutations in HBV genome are synchronously generated with T1753V during this revolutionary process. Further studies are needed to address this issue. Therefore, HBVinfected patients with A1762T/G1764A or C1653T should be given priority of receiving antiviral treatment; whereas patients with T1753V should be monitored frequently to identify early, resectable HCC.
Our stratification analysis indicated that the combo mutations significantly improved HCC prediction in genotype C2 HBV-infected patients, but not in genotype B2 HBV-infected patients. A1762T/G1764A significantly increased HCC risk and liver death in genotype B2 HBV-infected patients (Fig. 1C and  D) . Genotype B2 HBV has a relative weaker carcinogenic potential than does genotype C2, possibly because genotype B2 has less HCC-related mutations. A1762T/G1764A is more frequent in HBV genotypes C and D than in genotypes A and B (37) . Although the HBV mutations increase with increasing age of HCC-free HBV-infected subjects, the HBV mutations such as A1762T/G1764A and T1753V are extremely higher in younger HBV-HCC patients, compared with the age-matched HCC-free HBV-infected subjects (25) . The HBV mutations independently predicted HCC occurrence (Table 2) . Thus, the HBV mutations, whose patterns differ among HBV genotypes, are HCC-specific and the association of A1762T/G1764A-based HBV mutations with HCC risk may be generalized to populations with different HBV genotypes.
The minimum period for NA treatment required to reduce HCC occurrence in HBV-infected patients differs greatly among studies carried out in Taiwan (!90 days), USA (45 months), Japan (!48 weeks), and South Korea (!24 weeks) (4-7). Our data indicated that NA treatment for !60 months was required for the prophylaxis of HCC in cirrhotic patients. IFNa treatment independently suppressed the development of HCC in noncirrhotic HBVinfected patients. This is supported by the fact that HBV genotype B2 is less apt to cause cirrhosis and more sensitive to IFNa treatment than genotype C2 (38, 39) . Thus, these data are particularly important for the prophylaxis of HCC in chronic HBVinfected patients. 
